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ChemisAbstract Polymer dispersed liquid crystal (PDLC) ﬁlms’ morphologies and electro-optical proper-
ties have been mostly investigated on the method of polymerization, rate of reaction, the relative
amount, characteristic, and temperature of the LC/monomer mixtures; in chorus with the molecular
associations existing among the LC, monomer molecules and with the glass. In this effort the molec-
ular associations of polymer matrix having hydrophilic and hydrophobic characteristics are consid-
ered with the LC. Here the hydrophilic/hydrophobic interactions of material are deduced equally
accountable for change in the morphology, electro-optical properties and phase separation of
PDLC ﬁlms. For such investigations the spectroscopic techniques such as Fourier transform infra-
red (FTIR) spectroscopy, polarized optical microscopy (POM) and phase transition temperatures
have been implemented which appreciably elucidate the subsequent studies.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
For the past few decades the PDLC ﬁlms that switch from
opaque to transparent state with the application of small exter-
nal electric ﬁeld; have been the subject of interest related to
light control applications (Fuh et al., 1999; Drzaic, 1995). In
the electronic display it has some fundamentally importantCrystal Research Center,
ersity, Seoul 143-701, Repub-
+82 2 3436 5382.
kr (M. Jamil), yjjeon@konku-
Saud University.
g by Elsevier
ng by Elsevier B.V. on behalf of K
1.022
hmad, F. et al., Study of polym
try (2014), http://dx.doi.org/10advantages including low cost production, a straightforward
fabrication and improved applicability to large-scale display
that give an edge the PDLC ﬁlm over the liquid crystal display
(LCD) (Butler and Malcuit, 2000; Liu et al., 2005; Nalwa,
2001). Usually the PDLC ﬁlms are formed by the polymeriza-
tion of pre-polymer and the phase separation of polymerized
polymer and LC molecules from the mixture. Structurally in
PDLC ﬁlms the nano-size liquid crystal droplets are randomly
embedded in polymer matrix. So far different factors are con-
sidered primarily responsible for the PDLC morphologies and
electro-optical properties of PDLC ﬁlms e.g.: the size of LC
droplets, the rate of polymerization, temperature, composi-
tion, structure and solubility of monomers and LCs (Natara-
jan et al., 1996; Zhou et al., 2002a,b; Bra’s et al., 2008;
Farzana et al., 2011; Park and Hong, 2009). Among such
amphiphilic molecular interactions in PDLC ﬁlms are rarely
disclosed whereas spectroscopic investigation of PDLCs ising Saud University.
er dispersed liquid crystal ﬁlm based on amphiphilic polymer
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2 F. Ahmad et al.employed (Bhargava et al., 1999a,b). Recently we have found
that the long hydrophilic ﬂexible chain in polyacrylate polymer
matrix breaks the interfacial interactions among the hydropho-
bic crosslinking prepolymer matrix and LC molecules that be-
gin to increase the degree of phase separation (Farzana et al.,
2012). Similarly one group has demonstrated the weakening of
surface anchoring interactions by the addition of long alkyl
side chains of surfactants or polymerizable surfactants to both
bulk and LC systems leading to a decrease of the driving
voltage (Nomura et al., 1991; Klosowicz and Zmija, 1995;
Crawford et al., 1993; Wang et al., 2010). Further it has
been reported that interactions are correlated with the
polyacrylate side chain length and the functional group of
polymers (Amundson and Srinivasarao, 1998; Zhou et al.,
2002a,b).
Ongoing study of amphiphilic molecular interactions in
PDLC ﬁlms in terms of molecular solubility and phase separa-
tion is a further step to get to the bottom of this understand-
ing. Current study is focused on a hydrophilic acrylic
prepolymer EGMA; its molecular interactions with hydropho-
bic/hydrophilic crosslinkers of short chains and LC molecules.
This subject of interest is correlated with morphology and elec-
tro-optical properties with the degree of phase separation and
solubility of molecules. Such knowledge can be used further to
tune the morphology and electro-optical properties of PDLC
ﬁlms by selecting the appropriate amount of amphiphilic pre-
polymer and LC molecules. The FTIR study, phase transition
temperature, and polarized optical microscopy are used to
determine the subsequent studies. Here in this study basically
the composition of hydrophilic ethylene glycol methyl ether
acrylate (EGMA) pre-polymer is varied with the hydrophobic
and hydrophilic crosslinkers.
2. Experimental work
2.1. Materials
It was intended to explore the effect of molecular afﬁnities in
terms of amphiphilic interactions on the degree of phase sep-
aration, morphologies and electro-optical properties of
PDLC ﬁlms; we selected a basic hydrophilic monomer ethyl-
ene glycol methyl ether acrylate (EGMA) (Sigma–Aldrich
Chemicals) and two crosslinkers distinguished as hydro-
philic/hydrophobic characteristics to make the basic polymer
matrix of PDLC ﬁlm. Two of the crosslinkers: one has
hydrophobic (HH) and other has hydrophilic (HL) character-
istics named as trimethylol-propane-triacrylate (TMPTA)
(Sigma–Aldrich Chemicals) and triethylene-glycol-dimethac-
rylate (TEGDA) respectively were selected. In chorus the
E7 (E. Merck) with the speciﬁcations of the nematic to iso-
tropic temperature (TNI) = 61 C, ordinary refractive index
(no) = 1.5217, and dielectric constant (De) =+13.8 has been
used as liquid crystal. The E7 was considered as the hydro-
phobic moiety. To fabricate the PDLC ﬁlm the polymeriza-
tion induced phase separation (PIPS) method was used. To
initiate the polymerization the 2-hydroxy-2-methyl propio-
phenone (HMPP) (E-Merck Co.) was utilized as a photo-ini-
tiator. Fig. 1 projects the structures of the materials used in
the PDLC fabrications. All the materials were used as-re-
ceived in condition.Please cite this article in press as: Ahmad, F. et al., Study of polym
matrix. Arabian Journal of Chemistry (2014), http://dx.doi.org/102.2. PDLC fabrication
The PDLC mixtures were made ready having the consequent
parts HH/EGMA/E7 and HL/EGMA/E7. Instantly to see
the molecular afﬁnities the EGMA ratios with the crosslinkers’
(HH, HL) ratios were varied as 0, 7, 10, and 13 wt%; the liquid
crystal (E7) was added with ﬁxed amount as 80 wt%. To initi-
ate the photo polymerization the photo initiator HMPP was
introduced from @1 to 3 wt%. The mixtures HH/EGMA/E7
and HL/EGMA/E7 were stirred vigorously for 3–4 h to make
the homogeneous mixtures.
Finally these mixtures were ﬁlled between the two conduc-
tive glass plates (indium tin oxide coated) by means of capil-
lary action. The cell thickness was kept constant as 20 lm by
using the micro bead spacer (Sekisui Chemicals, Japan). After-
ward these cells were cured at room temperature conditions by
using the UV light with 365 nm wavelength (k).
2.3. Measurements
To clearly understand the effect of amphiphilic materials on
morphologies; the LCs were ﬂushed out from the PDLC ﬁlms
and morphologies were viewed under the polarized optical
microscope (POM) (Olympus Model BX-60) at a magniﬁca-
tion of 20· ﬁtted with charge coupling device (CCD) digital
camera connected with a computer. Further the TNI of the
cured PDLC cells were determined with the microscope cou-
pled with heating plate and digital thermo control device.
The electro-optical properties of the PDLC ﬁlms, namely
the percent transmittance and the contrast ratio at various
voltages were evaluated using a Minolta (Japan) UV–Vis spec-
trophotometer (model UV-3500d).
The FT-IR spectroscopic analyses were done by an FTIR
spectrometer (Nicolet, 6700). For each sample at cured and
uncured state the absorbance of nitrile stretching band of E7
was studied. For this purpose each sample was casted on a
NaCl tablet. Further procedure was described in detail else-
where (Farzana et al., 2012; Bhargava et al., 1999a,b).3. Result and discussions
3.1. Microstructure of PDLC Film
At ﬁrst the effect of insertion of hydrophilic monomer EGMA
on the morphology of bulk hydrophobic LC different compo-
sitions of the EGMA is investigated. The polarized optical
microscope results from these ﬁlms are plotted in Fig. 2(A–
E). This indicated an increase in the nematic phase of LC with
the increase in EGMA contents. This is observed as a decrease
in droplet size with the increase of EGMA contents. Simulta-
neously with further increase in contents of EGMA, it showed
that smaller LC droplets are formed that pointed to an in-
crease of phase separation. Subsequently various compositions
of hydrophobic TMPTA and hydrophilic TEGDA crosslink-
ers are used to form a PDLC ﬁlm in order to understand the
effect of hydrophilic/hydrophobic intermolecular afﬁnity on
morphology and electro-optical properties. For this purpose
crosslinkers and EGMA compositions are varied while LC
contents are kept constant. The various compositions areer dispersed liquid crystal ﬁlm based on amphiphilic polymer
.1016/j.arabjc.2014.01.022
Figure 1 Molecular structures of monomers (A) EGMA and projection of its polymerization showing hydrophobic and hydrophilic
ends (B) TEGDA (C) TMPTA (D) E7 Liquid Crystal. The amphiphilic moieties showing the hydrophilic (blue color) and hydrophobic
(red color) groups.
Study of polymer dispersed liquid crystal ﬁlm based on amphiphilic polymer matrix 3shown in Table 1. Fig. 3 shows the polarized optical micro-
scope images of these ﬁlms under 20· magniﬁcations.
To observe the effect of amphiphilic polymer matrix on the
morphology the PDLC sandwiched cell is opened and further
the LC is fully dissolved out of the polymer matrix by washing
with a solvent (here ethanol/methanol (1:1)). After completely
ﬂushing out the LC, the residual solvent is removed from the
polymer matrix by placing the ﬁlm in a vacuum oven at
80 C for 2 h. The end result is an open porosity sponge con-
sisting of polymer matrix with air cavities as voids. The optical
microscopic images of PDLC ﬁlms containing TEGDA and
TMPTA are displayed in Fig. 3. Considering the effect of
hydrophobic and hydrophilic intermolecular interactions; a de-
crease in domain size with the increase of hydrophilic EGMA
contents for TEGDA and TMPTA containing PDLC ﬁlms
was observed. It can be signiﬁcantly noticed that the addition
of EGMA and decrease in domain size are not in same propor-
tion for TMPTA and TEGDA. This effect is more obvious at
the highest contents (13 wt%) of EGMA.
The transmittance–volts and contrast ratio-volts curves for
the following PDLC ﬁlms at various percentages of TMPTA
and TEGDA with EGMA are plotted in Fig. 4(A and B).
Fig. 4(A) shows transmittance–volt curves of PDLC ﬁlms.
It displayed an increase in percent transmittance for all com-
positions of crosslinkers with the increase in voltage from 0
to 80 V. Moreover a decrease in off transmittance and in-
crease in ON transmittance with the increase of EGMAPlease cite this article in press as: Ahmad, F. et al., Study of polym
matrix. Arabian Journal of Chemistry (2014), http://dx.doi.org/10weight ratio for TMPTA are noticed. The contrast ratios
for the two PDLC ﬁlms are shown in Fig. 4(B). As a result
from the transmittance data, the contrast ratio decreases with
the increase of EGMA contents. Contrary to this, the in-
crease in OFF & ON transmittance and decrease in contrast
ratio with the increase of EGMA weight ratio for hydrophilic
TEGDA are observed.
This discrete behavior with TMPTA and TEGDA could be
attributed to the hydrophilic/hydrophobic intermolecular
interactions. It is considered that as progressive increase in
EGMA contents cause to decrease the TMPTA and TEGDA
contents among in a hydrophobic E7 bulk. This disrupts the
hydrophilic/hydrophobic interactions and the system forward
to stable the imbalance interacting forces. Simply; overall
EGMA decreases the solubility and with other physical char-
acteristics (low viscosity) it imparts a proportionate decrease
in droplet size. This behavior can be conﬁrmed by the FTIR
and TNI studies in next sections.
3.2. FT-IR analysis
It has been predicted earlier, that the absorption peak shifted
to other values as the LC goes immediately through isotropic
into nematic phase with the change of temperature McFarland
et al., 1993. According to expression 1 the absorbance of LC at
nitrile stretching band of a cured PDLC changes as the LC is
brought into a nematic phase from an isotropic phase.er dispersed liquid crystal ﬁlm based on amphiphilic polymer
.1016/j.arabjc.2014.01.022
Table 1 Compositions of PDLC mixtures.
Solution – A Solution – B
EGMA wt.% TEGDA wt.% E7 wt.% EGMA wt.% TMPTA wt.% E7 wt.%
0 20 80 0 20 80
7 13 80 7 13 80
10 10 80 10 10 80
13 7 80 13 7 80
Figure 2 Displayed the microscopic images of E7 droplet in EGMA (A, B, C, D, E is 15, 20, 33, 50 and 66 wt%).
4 F. Ahmad et al.According to expression 2 on the phase separation the LC
transforms isotropic homogeneous into nematic cured phase
and this would bring the change in peak absorption under
the FTIR spectroscopy (Farzana et al., 2012; Bhargava
et al., 1999a,b; McFarland et al., 1993). From the nitrile
stretching band of E7 the extant of phase separation of the
cured PDLC can also be determined by expression 2. On con-
sidering the change in solubility factor with the composition of
amphiphilic molecules in hydrophobic LC bulk the degree of
phase separation also varies accordingly. It is speculated that
spectroscopic techniques can proceed signiﬁcantly to deter-
mine the subsequent amphiphilic interactions by the degree
of phase separation.
According to expression 1 the absorbance of the liquid–
crystal-speciﬁc band in its isotropic state is AI and AN be the
absorbance of the liquid–crystal-speciﬁc band in its nematic
state. Further, / be the fraction of liquid crystal in the initial
homogeneous mixture with the matrix precursor. For constant
cell thickness, the absorbance of the liquid crystal speciﬁc band
is given simply as:
ACN:cured ¼ ANaUþAIUð1 aÞ ð1ÞPlease cite this article in press as: Ahmad, F. et al., Study of polym
matrix. Arabian Journal of Chemistry (2014), http://dx.doi.org/10Similarly by expression 2 the fraction of liquid crystal which
phase separates during the polymerization process is (a), then
the total fraction of the liquid crystal in the droplets is a/ and
the overall absorbance of the liquid–crystal-speciﬁc band is gi-
ven by Eq. (2).
a ¼ ACN:uncured ACN:cured
ACN:uncured
 
AI AN
AI
 1
ð2Þ
Whereas the absorbance of an uncured PDLC mixture is ex-
pressed as under in Eq. (3)
ACN:uncured ¼ UAI ð3Þ
To investigate these studies, it is essential to know the polari-
zation tendency of the LC molecules. Table 2 shows the polar-
ization tendencies of each peak of E7 (McFarland et al., 1993;
Denise et al., 2002). Here for the E7 liquid crystal the inferred
absorption peak for nitrile (AC„N) stretching is
v= 2226 cm1. Fig. 5 (up right inside) represents the FT-IR
absorption spectra of E7 at isotropic 61 C and at nematic
phases. As LC transforms isotropic into nematic phase; it
showed an increase in absorption of nitrile stretching band
about 0.4–0.8. Earlier this increase in band intensity has beener dispersed liquid crystal ﬁlm based on amphiphilic polymer
.1016/j.arabjc.2014.01.022
Figure 4 (A, B) The electro-optical properties of various compositions of EGMA with TEGDA and TMPTA: (A) Transmittance-volt
and (B) contrast ratios.
Figure 3 Microscopic structures of PDLC ﬁlms for TEGDA and TMPTA crosslinkers.
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Table 2 FTIR peak assignments for E7 Liquid Crystal.
Peak/cm1 Polarization tendency Molecular stretching
2955 ||a Asymmetric stretching mode of CH3
2928 ^b Asymmetric stretching mode of CH2
2869 || Symmetric stretching mode of CH3
2855 ^ Symmetric stretching mode of CH2
2226 || Stretching mode of C”N
1912 ^ Overtone of the CH-out-of-plane deformation of the benzene C–H groups
1605 || Stretching mode of C–C phenyl ring
1494 || Stretching mode of C–C phenyl ring
a Parallel transition moment tendency.
b Perpendicular transition moment tendency.
Figure 5 FTIR spectrum of pure E7 nematic and isotropic
phases (up right side) and EGMA with TMPTA at uncured state.
6 F. Ahmad et al.mainly attributed to the effect of liquid crystal ordering
(McFarland et al., 1993; Denise et al., 2002). Simultaneously
the absorbance spectrum of uncured PDLC ﬁlms is shown in
Fig. 5 at different compositions of EGMA with TMPTA. It
displayed a decrease in absorbance of nitrile stretching band
with the increase of EGMA contents at uncured state. Simply
this trend stated that with the increase in EGMA contents theFigure 6 IR absorption intensities for TMPTA and TEGDA at
cured state.
Please cite this article in press as: Ahmad, F. et al., Study of polym
matrix. Arabian Journal of Chemistry (2014), http://dx.doi.org/10E7 in the homogeneous mixture is more likely as an isotropic
state. Further in Fig. 6 the FT-IR absorptions for cured PDLC
ﬁlms for TMPTA and TEGDA are plotted against the EGMA
contents. This showed a decrease in absorption intensity with
the increase of EGMA contents for both crosslinkers. This de-
crease in absorption of nitrile stretching band is pointed to-
ward the phase separation by encapsulation of LC and
formation of polymer ﬁlm (Bhargava et al., 1999a,b) so that
there are few or no free nematic E7 molecules which exist.
The same ﬁgure here also pointed the effect of two cross-
linkers on the degree of phase separation by expression 2. It
is obvious from Fig. 6 that TEGDA showed less decrease in
absorption for nitrile stretching band as compared to hydro-
phobic TMPTA. This difference in trends is considered as
the effect of molecular afﬁnity due to having hydrophilic and
hydrophobic molecules. Here as per assumption from the
FTIR analysis by using the fraction 2, the extent of phase sep-
aration for each of the two crosslinkers is shown in Fig. 7. It
shows a sudden increase in the degree of phase separation with
the increase (0–7 wt.%) of EGMA in the crosslinkers. Further
increase in contents of EGMA it showed slightly increases and
ﬁnally almost constant behavior is observed. However it could
be simply inferred from Fig. 7 that the degree of phase separa-
tion improved with the addition of EGMA; whereas it showed
a higher extent of phase separation for TEGDA as compared
to TMPTA. By analyzing the transpose way of Fig. 7; it shows
a decrease in phase separation with the increase in contents of
crosslinkers.
A reason here is proven behind this trend; the competition
and re-establishment of amphiphlic interactions due to amph-
iphlic behavior of polymer matrix and LC molecules. Such as
at zero contents of EGMA; more hydrophobic pre-polymer
(TMPTA) molecules are present that experienced more afﬁnity
toward the hydrophobic LCs. Further on insertion of hydro-
philic EGMA with ﬂexible chain overcome these intermolecu-
lar or hydrophobic interactions via decrease in solubility thus
enhanced the degree of phase separation (Fig. 7). Fig. 7 also
shows that TEGDA molecule offers higher phase separation
values as compared to TMPTA molecule. It is proposed that
the hydrophilic TEGDA exhibited more afﬁnity for the hydro-
philic polymer matrix and less to hydrophobic LC; hence it im-
posed low solubility and afﬁnity for the LC in the system. The
concept is possibly behind the higher degree of phase separa-
tion for TEGDA and low degree of phase separation for
TMPTA.er dispersed liquid crystal ﬁlm based on amphiphilic polymer
.1016/j.arabjc.2014.01.022
Figure 8 The change in phase transition temperature of two
PDLC ﬁlms.
Figure 7 The degree of phase separation of EGMA with
TMPTA and TEGDA.
Study of polymer dispersed liquid crystal ﬁlm based on amphiphilic polymer matrix 73.3. LCs phase transition temperature and solubility
It is believed that LCs phase transition temperature from
nematic to isotropic (TNI) is another mode of determining
the interactions among polymer matrix and LC (Kir and
Ahn, 2004). It is to be noted that PDLC ﬁlms are formed at
the room temperature. For determining the phase transition
temperature the cured PDLC ﬁlms are placed over the digital
hot stage equipped with the microscope. The phase transition
temperature is noted with cross polarizer ﬁlm at the point
where the dark black state (as isotropic state) started. The
TNI trend is plotted further in Fig. 8. It is found that the TNI
of pure E7 is 61 C. The ﬁgure shows that for TMPTA and
TEGDA PDLC ﬁlms the TNI is found lowered than pure
nematic LC. In fact the decrease in TNI points out polymer
and LC solubility or afﬁnity (Kir and Ahn, 2004; Mucha
2003). Further deep analysis of Fig. 8 illustrates different
trends for two crosslinkers. The TMPTA showed more de-
crease as compared to TEGDA in TNI. Moreover the TMPTA
showed a sudden decrease of TNI with the small (7 wt%) addi-
tion of EGMA. Further observation showed that this change
remained almost constant. In case of the TEGDA the addition
of EGMA showed small decrease. This tendency slightly de-
creased further with the increase of EGMA ratio.
This trend has proven the previous results; as the two
hydrophobic TMPTA and E7 exhibit more afﬁnity and itPlease cite this article in press as: Ahmad, F. et al., Study of polym
matrix. Arabian Journal of Chemistry (2014), http://dx.doi.org/10decreases with further addition of EGMA as hydrophilic
monomer. Contrary to this the hydrophilic TEGDA and
hydrophobic E7 have less afﬁnity and further it lessens more
with the addition of EGMA.
4. Conclusions
The morphology, electro-optical properties, phase separation
and phase transition temperature of PDLC ﬁlms in terms of
hydrophobic/hydrophilic interactions are studied in detail with
the addition of a hydrophobic/hydrophilic crosslinker matrix
in a hydrophobic LC bulk. Overall, the results predicted that
molecular structures in terms of amphiphilic behavior showed
crucial affect on the degree of phase separation, PDLC mor-
phology and electro-optical properties. The LC is considered
a hydrophobic moiety due to its chemical structure. It has been
deduced from phase transition temperature and degree of
phase separation that LC showed high afﬁnity with hydropho-
bic crosslinker at zero EGMA wt%. Consequently more de-
crease in TNI was observed. Once the EGMA as the
hydrophilic monomer is added it ruptured the hydrophobic
afﬁnity, thus it showed increase in the degree of phase separa-
tion. In case of hydrophilic TEGDA which indicated less afﬁn-
ity for LC the hydrophobic bulk; has been veriﬁed by less
decrease in phase transition temperature if compared to
TMPTA. Similarly on further insertion of hydrophilic EGMA
the degree of phase separation increased. Based on this con-
cept the morphologies of PDLC ﬁlm are being explained well.
In case of hydrophobic TMPTA the droplet size is small as
compared to TEGDA due to experiencing more afﬁnity to-
ward the hydrophobic LC.Acknowledgment
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